A low-dimensional metal frequently exhibits a metal-insulator transition through a charge-density-wave (CDW) or a spin-density-wave (SDW) which accompany it's structural changes. The transition temperature is thought to be determined by the amount of energy produced during the transition process and the softness of the original structure. AMo 4 O 6 (A=K, Sn) are known to be quasi-one dimensional metals which exhibit metalinsulator transitions. The difference of the transition temperatures between KMo 4 O 6 and SnMo 4 O 6 (A=K, Sn) is examined by investigating their electronic and structural properties. Fermi surface nesting area and the lattice softness are the governing factors to determine the metal-insulator transition temperature in AMo 4 O 6 compounds.
Introduction
During the last decade, the metal-metal bonded ternery molybdenum oxide systems KMo 4 O 6 1 and SnMo 4 O 6 2 were successfully synthesized and characterized. These compounds are structurally similar in that they are low-valent molybdenum oxides containing Mo 6 O 12 type octahedral clusters condensed by sharing trans-edges to form infinite chains, but are different in that either K + or Sn 2+ cation is filled in a square channel which is constructed by four adjacent perpendicularly bridged chains. Since all chains are extended along the crystallographic c-direction, AMo 4 O 6 (A=K, Sn) compounds are supposed to show one-dimensional (1D) electronic property. 3 On the basis of the assumption that the unique role of the cations are electron donors, the electronic structures of the electron withdrawing part (i.e., Mo 4 O 6 x− ) should be different depending upon the charge of a cation.
Low dimensional metals often possess electronic instabilities toward a metal-insulator transition, which occur when the Fermi surface of their partially filled bands are nested. 4, 5 In general, the Fermi surface of a one-dimensional metal is well nested, the 1D metal frequently shows a metal-insulator transition. The metal-insulator transition can occur either at lower temperature or at higher temperature depending upon the lattice softness and the amount of energy gain during the transition process which is related to the nested area. It is necessary, therefore, to investigate structural and electronic properties of low-dimensional metals in order to understand their different transition temperatures. In the present work, we report the factors affecting the magnitude of the metalinsulator transition temperature in AMo 4 O 6 (A=K, Sn) by examining the electronic structure of this compound on the basis of the crystal structure.
Crystallographic Data
The crystal structures of KMo 4 O 6 and SnMo 4 O 6 are almost similar to each other except the difference between the oxidation state and the size of the cation.
1,2 The perspective view of the structure of SnMo 4 O 6 along the crystallographic c-direction which is similar to that of KMo 4 O 6 , is shown in Figure 1 . It is clear from the figure that Mo-Mo and Mo-O bonds construct a rectangular unit. In a rectangular unit, two Mo atoms (Mo-1) on long sides of a rectangle are positioned behind by c/2 compared with those (Mo-2) on short sides of the rectangle. When the next pair of Mo-2 atoms are added to the four given Mo-Mo cluster in a rectangular unit, then one can easily construct a distorted Mo 6 octahedron, which is edge-shared with the next Mo 6 along the c-direction. Four rectangular units are bonded through bridging oxygens to construct a channel in which the cations sit. Consequently, the Mo 6 octahedra are continuously connected along the c-direction through MoMo bonds, while those are connected along the a-and bdirections through bridging oxygens. Crystallographic data of KMo 4 O 6 and SnMo 4 O 6 are given in Table 1 and Table 2 will be analyzed by examining the structural and electronic properties of both compounds. The resistivity along the c- (1) 3979 (1) 1021 (1) -0 4(1) Mo (2) 6446 (1) 1446 (1) -5000 9(1) O (1) 2927 (5) 2073 (5) -5000 7(2) O (2) 2359 (5) -412(5) -0 10 (2) U(eq) is defined as one third of the trace of the orthogonalized Uij tensor. Bond Ω·cm, respectively. Electronic structure calculations. The electronic structures of SnMo 4 O 6 and KMo 4 O 6 were investigated by performing tight-binding band electronic structure calculations based upon the extended Huckel method. 6, 7 The PC version of CAESAR program was used for the calculations. Atomic parameters adopted in the calculations are shown in Table 7 . 
Results and Discussion
In each unit cell, there are two sets of AMo 4 Figure 4 A metallic state may not be stable when its Fermi surface is nested, and is susceptible to become an insulating state when temperature is lowered. The metal-insulator(M-I) transition leads to a charge density wave (CDW) state or a spin density wave (SDW) state. [8] [9] [10] Let us discuss why a Fermi surface nesting is important in introducing an M-I transition by investigating the orbital mixing between an occupied and unoccupied levels. 10 For a 1D metal, an occupied wave vector k and a unoccupied wave vector k' form an occupied orbital Φ(k) and a unoccupied orbital Φ(k'), respectively. An orbital mixing between Φ(k) and Φ(k') produces new orbitals Ψ(k) and Ψ(k'),
where γ is a mixing coeffiecient. The extent of the orbital mixing is determined by the energy difference between the original orbitals Φ(k) and Φ(k'). At the Fermi level, by definition, two orbitals Φ(k) and Φ(k') are degenerate. Therefore, the orbital mixing between them is significant and so is the interaction energy <Φ(k)|H'|Φ(k')>. When a Fermi surface is nested by a vector q, the orbital mixing can be performed for all wave vectors in the nested region of the First Brillouin Zone (FBZ), thereby leading to the sets of new orbitals {Φ(k)} and {Φ(k)} differing in their wave vectors by q = k−k'. As the nesting area is large, therefore, the amount of orbital mixing is large and so is the extent of interaction energy. This large amount of energy becomes the driving force to change the structure which leads to an M-I transition even at low temperature. Consequently, the M-I transition temperature in SnMo4O6 is lower than that in KMo4O6. The unnested Fermi surface associated with the highest bands in both compounds may exhibit some metallic character for the compounds even after the M-I transition. But when the change in the crystal structure caused by the M-I transition associated from the nested Fermi surfaces is strong enough, the compound after the M-I transition may not have partially filled bands.
As the interatomic distance becomes longer, the overlap between atoms would eventually become smaller, and all bands, even the partially filled conduction bands, would become narrower. As the conduction band become narrower, the velocity of the electrons in it would diminish and the conductivity of the metal would drop to zero which means that it becomes an insulator. 12 In In addition, the velocity of electrons is a function of temperature. In the long run, the metallic property is disappeared even at higher temperature and become an insulator in KMo 4 O 6 . The M-I transition appears, therefore, at higher temperature in KMo 4 O 6 than in SnMo 4 O 6 as shown in the resistivity data. Low-dimensional metals frequently possess electronic instabilities toward an M-I transition or a metalsuperconductor transition. Whatever it shows, a phase transition occurs at certain temperature. It means that the position of the transition temperature (T c ) is affected by the similar factors. In the metal-superconducting transition, the T c strongly depends on the lattice softness according to the BCS theory. 13 The compound having softer lattice exhibits higher T c . The lattice of KMo 4 O 6 is softer than that of SnMo 4 O 6 , as one can find in the bond distances. Thus, the higher M-I transition temperature in KMo 4 O 6 is also reasonable from the view point of lattice softness.
Conclusions
KMo 4 O 6 and SnMo 4 O 6 are quasi-one dimensional metallic compounds at room temperature. Although they are isostructural, KMo 4 O 6 and SnMo 4 O 6 show the metal-insulator transition at 120 K and 50 K, respectively. The investigations on the structural and electronic properties of these compounds tell us that the difference of the M-I transition temperature is strongly governed by the Fermi surface nesting area and the lattice softness. The large area of Fermi surface nesting leads to an M-I transition even at low temperature. Therefore, the higher M-I transition temperature in KMo4O6 is well understood. In addition, Mo-Mo and Mo-O distances are shorter in SnMo4O6 than in KMo4O6. So the overlap in Mo-Mo and Mo-O bonds is smaller in KMo4O6. In addition, the velocity of electrons is a function of temperature. Therefore, the metallic property is disappeared even at higher temperature and become an insulator in KMo4O6. In the long run, the longer Mo-O and Mo-Mo bond distances make KMo4O6 lattice become softer, thereby leading to higher M-I transition temperature. As a result, the Fermi surface nesting area and lattice softness are the governing factors to determine the metal-insulator transition temperature in AMo4O6 compounds.
